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ABSTRACT  The  physical  state  of  the  catalyst  and  its  impact  on 
the  growth  of  single-walled  carbon  nanotubes  (SWNTs)  is  the  subject 
of  a  long-standing  debate.  We  addressed  it  here  using  in  situ  Raman 
spectroscopy  to  measure  Fe  and  Ni  catalyst  lifetimes  during  the 
growth  of  individual  SWNTs  across  a  wide  range  of  temperatures 
(500—1400  °C).  The  temperature  dependence  of  the  Fe  catalyst 
lifetimes  underwent  a  sharp  increase  around  1100  °C  due  to  a  solid- 
to-liquid  phase  transition.  By  comparing  experimental  results  with 
the  metal— carbon  phase  diagrams,  we  prove  that  SWNTs  can  grow 
from  solid  and  liquid  phase-catalysts,  depending  on  the  temperature. 
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Carbon  nanotubes  are  impressive  be¬ 
cause  of  their  wide  range  of  potential 
applications,  from  structural  compo¬ 
sites  to  energy  storage  to  sensors  and  elec¬ 
tronic  devices.1  However,  their  transition  to 
commercial  use  is  impeded  by  our  contin¬ 
ued  inability  to  control  growth.  The  lack  of 
control  largely  stems  from  holes  in  our 
fundamental  understanding  of  growth  mech¬ 
anisms.  In  this  regard,  one  important  issue 
that  remains  largely  unresolved  is  the  role 
of  the  physical  state  of  the  catalyst  in 
influencing  the  structure  and  yield  of 
SWNTs.  While  the  state  of  the  catalyst  (i.e., 
liquid  or  solid)  during  nanotube  growth  was 
long  debated  in  the  literature,  growth  from 
oxides,2  carbides,3-4  and  low-melting  tem¬ 
perature  metals,5  have  shown  that  growth  is 
possible  from  both  liquids  and  solids.  The 
state  of  the  catalyst  has  important  implica¬ 
tions  for  both  the  resultant  growth  in  terms 
of  yield  or  length,6-7  as  well  as  our  under¬ 
standing  of  the  growth  mechanisms.  For 
example,  in  the  solid  state,  the  catalyst 
can  form  facets,  which  may  template8-9  the 


carbon  nanotube  to  grow  preferentially 
metallic10  or  semiconducting  nanotubes.11 
Diffusion  mechanisms  and  solubility  limits 
in  liquid  versus  solid  states  are  very  differ¬ 
ent,  and  are  important  considerations  in 
growth  models;  for  example  whether  car¬ 
bon  diffuses  in  the  bulk  of  the  catalyst  or 
along  the  surface.12  However,  the  most 
interesting  catalysts,  that  is,  transition  me¬ 
tals  like  Fe  or  Ni  have  solid-to-liquid  transi¬ 
tions  within  the  typical  temperature  range 
of  SWNT  growth.  Thus  we  wondered  how 
the  state  of  the  catalyst  impacts  the  growth 
of  carbon  nanotubes  and  what  the  implica¬ 
tions  for  this  are  on  growth  mechanisms. 

To  directly  address  this  issue,  here  we 
used  a  unique  system,  the  Adaptive  Rapid 
Experimentation  and  Spectroscopy  (ARES) 
system,  which  incorporated  micro-Raman 
spectroscopy  with  cold-wall  chemical  va¬ 
por  deposition  (CVD),  to  measure  the 
growth  kinetics  of  individual  SWNTs13 
from  two  of  the  most  popular  transition 
metal  catalysts — Fe  and  Ni.  In  situ  Raman 
spectroscopy  during  SWNT  growth  has 
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Figure  1.  (a)  Schematic  of  the  adaptive  rapid  experimentation  and  spectroscopy  (ARES)  system  used  for  in  situ  studies  of 
SWNT  catalyst  lifetime.  A  magnified  view  of  the  pillars  is  shown  in  the  SEM  image  on  the  bottom  right,  (b)  Waterfall  plot 
showing  temporal  evolution  of  Raman  spectra  from  a  growing  nanotube  in  the  D  and  G  band  region.  Spectra  averaged  every 
20  s  from  consecutive  time  windows  are  plotted  from  bottom  to  top. 


previously  been  used  successfully  to  evaluate  growth 
kinetics  of  individual13  and  ensembles  of  SWNTs. 14-17 
Here  we  were  able  to  perform  more  than  100  experi¬ 
ments  over  a  wide  range  of  growth  temperatures 
(500—1400  °C),  enabling  us  to  reveal  striking  differ¬ 
ences  between  Fe  and  Ni  with  an  unprecedented  level 
of  detail.  The  Fe  catalyst  lifetime  exhibited  a  disconti¬ 
nuity  with  increasing  growth  temperatures  and  was 
accompanied  by  an  increase  in  SWNT  yield,  indicating 
the  first  direct  observation  of  growth  across  a  solid- 
liquid  phase  transformation.  Our  results  suggest  that 
the  length  and  nucleation  efficiency  ofSWNTscan  be 
controlled  by  engineering  the  phase  states  of  the 
catalysts. 

RESULTS  AND  DISCUSSION 

Figure  la  shows  a  schematic  of  the  ARES  system 
used  for  the  SWNT  growth  studies.  The  setup  involved 
laser-induced  heating  (laser  excitation  =  2.33  eV)  of 
catalyst  films  (Fe  and  Ni)  on  silicon  pillars,  which  were 
formed  by  etching  Si-on-Si02  wafers  (see  the  magni¬ 
fied  scanning  electron  microscopy  (SEM)  image  on  the 
bottom  right  in  Figure  la  and  the  Methods  section 
below  for  more  details).13  The  small  thermal  mass  of 
the  pillars  (1 0/<m  diameter  and  height),  combined  with 
thermal  isolation  from  the  wafer  due  to  the  oxide 
barrier,  enabled  rapid  heating  to  nanotube  growth 
temperatures  ranging  from  500  to  1400  °C  using 
ethylene  as  the  hydrocarbon  source.  The  light  scat¬ 
tered  from  the  pillars  was  collected  for  Raman  spectra, 
which  were  acquired  continuously  during  the  growth 


of  SWNTs  from  within  the  laser  spot.  An  example  of  a 
time-series  of  Raman  spectra  collected  during  a  growth 
experiment  with  Fe  catalyst  is  shown  as  a  waterfall  plot 
in  Figure  1b,  where  initiation  of  SWNT  growth  is 
indicated  by  the  appearance  and  subsequent  increase 
in  intensity  of  the  G  band  at  ~1 560  cm-1  (downshifted 
due  to  the  elevated  temperature).  The  G  band  areas 
from  each  spectrum  were  calculated  and  plotted  with 
respect  to  time  in  order  to  evaluate  the  growth  kinetics 
of  the  SWNTs.  The  Raman  spectra  were  also  normalized 
with  respect  to  the  substrate  (Si)  peak  intensities  in 
order  to  enable  fair  comparison  of  the  data  across  all 
the  growth  experiments.  The  Raman  spectrum  col¬ 
lected  just  before  the  appearance  of  the  G  band  was 
assigned  to  the  time  corresponding  to  f  =  0.  We  note 
that  a  few  previous  in  situ  growth  studies  have  re¬ 
ported  an  "incubation  time"  during  which  the  G  band 
intensity  increases  slowly,  followed  by  growth  and 
termination  phases.15,18  Such  an  incubation  time  was 
not  observed  in  this  study. 

The  integrated  G  band  areas  (normalized  to  unity) 
from  two  different  experiments  (using  Fe  and  Ni 
catalysts)  are  plotted  with  respect  to  time  in  Figure  2. 
The  growth  curves  in  Figure  2  were  fitted  to  a  decaying 
exponential  growth  equation  of  the  form:  G(f)  =  vr[1  — 
exp(— t/r)\,  where  G(f),  v,  and  r  are  the  area  of  the  G 
band,  initial  growth  rate,  and  time  constant  for  the 
reaction,  respectively.13-17  The  growth  curves  shown 
in  Figure  2  panels  a  and  b  correspond  to  experiments 
conducted  at  different  growth  temperatures.  It  is 
clear  from  both  Figure  2  that  the  growth  curve 
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Figure  2.  Typical  growth  curves  at  two  different  growth 
temperatures  obtained  by  plotting  the  calculated  G  band 
area  (normalized  to  unity)  versus  time,  using  (a)  Fe,  and  (b) 
Ni  catalysts.  The  growth  curves  are  fitted  to  an  exponential 
equation  of  the  form  G(f)  =  vr[1  -  exp(-f/r)]  where  G(f),  v, 
and  rare  the  area  of  the  G  band,  initial  growth  rate  and  time 
constant  of  the  reaction,  respectively. 

corresponding  to  the  higher  temperatures  (990  °C  for 
Fe  and  1200  °C  for  Ni)  has  a  smaller  time  constant — 
that  is,  growths  at  the  higher  temperatures  terminated 
faster  than  growth  at  lower  temperatures,  implying 
that  the  catalyst  had  a  shorter  lifetime  at  the  higher 
temperature.  Henceforth,  the  time  constants  obtained 
from  the  fits  to  the  growth  curves  will  be  referred  to  as 
the  catalyst  lifetimes. 

In  general,  the  lifetime  of  a  thermally  activated 
catalytic  process  is  a  function  of  the  temperature. 
Lifetime  values  obtained  from  many  different  experi¬ 
ments  using  Fe  and  Ni  catalysts  are  plotted  against 
growth  temperatures  in  Figure  3  panels  a  and  c, 
respectively.  Every  data  point  in  Figure  3a, c  corre¬ 
sponds  to  a  separate  growth  experiment;  in  all,  over 
100  experiments  were  performed  over  a  wide  tem¬ 
perature  range  from  500  to  1400  °C.  Note  the  signifi¬ 
cant  difference  between  the  behaviors  of  Fe  and  Ni: 
While  the  Ni  catalyst  lifetimes  decrease  monotonically 
with  temperature  (Figure  3c),  there  is  a  discontinuity  in 
the  Fe  case  between  1000  and  1100  °C  (Figure  3a) 
where  the  catalyst  lifetime  increases  from  MOO  s  to 
MOO  s.  From  a  thermodynamic  perspective,  the  dis¬ 
continuity  in  the  lifetime  of  the  Fe  catalyst  near  1 1 00  °C 
(Figure  3a),  that  is,  an  abrupt  increase  with  increasing 
temperature,  is  suggestive  of  a  phase  transition  between 


1000  and  1100  °C,  thus  implying  a  difference  in  the 
catalytic  process  at  low  and  high  temperatures. 

The  shaded  band  between  1000  and  1100  °C  in 
Figure  3a  delineates  the  transition  between  low  and 
high  temperature  growth,  referred  to  as  regions  I  and  II, 
respectively.  The  catalyst  lifetimes  decrease  monoto¬ 
nically  with  increasing  growth  temperature  in  region  I, 
followed  by  a  transition  between  1000  and  1080  °C, 
above  which  the  catalyst  lifetime  jumps  from  MOO  s 
up  to  MOO  s.  Beyond  1100  °C,  the  lifetime  values 
decrease  again  up  to  the  maximum  growth  tempera¬ 
ture  (M  390  °C)  in  region  II.  The  decrease  in  Fe  catalyst 
lifetimes  are  also  indicated  by  the  exponential  fits  to 
the  data  in  regions  II  and  I  in  Figure  3a  (also  see 
Supporting  Information,  Figure  SI  and  related  discus¬ 
sion  regarding  the  data  fits).  In  contrast  to  Fe,  the  Ni 
catalyst  lifetimes  decrease  monotonically  across  the 
full  temperature  range  (Figure  3c),  and  do  not  exhibit 
any  discontinuity,  suggesting  the  same  phase  of  Ni 
catalyst  at  all  growth  temperatures.  Unlike  the  catalyst 
lifetimes,  the  initial  growth  rates  did  not  display  any 
discontinuity  for  either  Fe  or  Ni  with  increasing  tem¬ 
perature  (Supporting  Information,  Figure  S2). 

To  understand  the  nature  of  this  discontinuity  in  the 
Fe  catalyst  lifetime,  we  compare  the  Fe  and  Ni  life¬ 
time-temperature  plots  in  Figure  3  panels  a  and  c  to 
their  corresponding  modified  metal— carbon  binary 
phase  diagrams.  It  should  be  noted  that  our  experi¬ 
mental  results  are  based  on  reaction  kinetics,  while  the 
phase  diagrams  correspond  to  thermodynamic  equi¬ 
librium.  Nevertheless,  it  is  instructive  to  compare  the 
evolution  of  the  lifetimes  with  the  thermodynamic 
phase  diagrams  for  a  qualitative  understanding  of 
the  catalyst  behavior.  In  Figure  3  panels  b  and  d  we 
show  the  Fe-  and  Ni-rich  parts  of  the  modified  Fe— C 
and  Ni— C  phase  diagrams,  respectively.  Both  phase 
diagrams  have  been  downshifted  by  AT  ~  125  °C  to 
account  for  the  Gibbs— Thomson  depression  for  a 
supported  catalyst  particle.19,20  The  initial  particle  size 
distributions  of  the  as-deposited  Fe  and  Ni  deposition 
on  the  pillars  were  quite  similar  (see  Supporting  In¬ 
formation  Figure  S3),  with  a  mean  particle  size  around 
2.5  nm,  hence  the  shaded  transition  regions  in  Figure  3 
to  account  for  size-related  effects. 

When  comparing  the  lifetime— temperature  plot  in 
Figure  3a  with  the  modified  Fe— C  phase  diagram 
(Figure  3b),  it  becomes  immediately  apparent  that 
region  I  can  be  attributed  to  the  phase  fields  below 
the  eutectic  temperature.  This  implies  that  the  Fe- 
catalyst  was  in  the  solid  state  for  growth  temperatures 
up  to  1 000  °C.  Interestingly,  this  range  of  temperatures 
is  also  the  most  common  for  SWNT  growth.  The  Fe 
catalyst  lifetimes  experience  a  sharp  increase  from 
MOO  s  to  MOO  s  as  the  growth  temperature  goes  up 
to  around  1100  °C.  As  mentioned  above,  discontinu¬ 
ities  in  thermal  processes  can  be  attributed  to  phase 
transitions.  Indeed  when  compared  with  the  modified 


RAO  ETAL. 


VOL.  XXX  ■  NO.  XX  ■  000-000  ■  XXXX 

www.acsnano.org 


C 


ARTICLE 


Figure  3.  (a)  Semilog  plot  of  catalyst  lifetimes  vs  growth  temperatures  for  single  SWNTs  (circles)  and  multiple  SWNTs 
(triangles)  grown  from  Fe,  and  (b)  the  Fe-rich  part  of  the  modified  Fe-C  phase  diagram,  (c)  Semilog  plot  of  catalyst  lifetimes  vs 
growth  temperatures  for  Ni,  and  (d)  the  Ni-rich  part  of  the  modified  Ni-C  phase  diagram.  The  solid  lines  are  exponential  fits  to 
the  data.  The  shaded  horizontal  regions  in  the  figures  correspond  to  phase  transitions  in  the  modified  binary  phase  systems. 
The  horizontal  and  vertical  error  bars  in  panels  a  and  c  indicate  a  ±5%  variability  in  catalyst  lifetime  values,  and  a  ±25  °C 
uncertainty  in  temperature  measurement,  respectively. 


phase  diagram,  one  can  see  that  region  II  is  above  the 
eutectic,  implying  that  the  Fe  catalyst  is  in  the  liquid 
state  in  this  region.  We  note  that  there  is  a  large  degree 
of  scatter  in  the  Fe  lifetime  data,  which  occurs  due  to  a 
distribution  in  catalyst  particle  sizes  (Supporting  Infor¬ 
mation,  Figure  S3).  Smaller  diameter  catalyst  particles 
are  highly  reactive  and  can  be  deactivated  more  easily 
than  larger  particles,21  leading  to  shorter  lifetimes. 
Nonetheless,  in  spite  of  the  scatter,  the  increase  in  Fe 
catalyst  lifetimes  between  regions  I  and  II  is  significant 
and  likely  due  to  a  phase  transformation. 

Within  region  I  or  region  II,  the  decrease  in  catalyst 
lifetimes  with  temperature  could  occur  due  to  one  or 
more  termination  mechanisms,  namely,  overcoating  of 
the  catalyst  particle  by  carbon,22,23  particle  coarsening  21 
or  subsurface  diffusion  24  The  maximum  growth  tem¬ 
perature  in  region  I  was  around  1000  °C,  above  the 
thermal  decomposition  temperature  of  our  hydro¬ 
carbon  feedstock  (ethylene).25  Thus  the  likelihood  of 
excess  carbon  buildup  at  higher  temperatures  in¬ 
creases  and  could  cause  early  termination  of  growth 
(short  lifetime).  Furthermore,  particle  coarsening  via 
Ostwald  ripening  and  sintering  is  known  to  terminate 
SWNT  growth.21  Coarsening  is  also  a  thermal  process 


and  can  be  expected  to  be  enhanced  at  higher  growth 
temperatures,  causing  increased  mass  loss  (or  gain)  in 
the  active  catalyst  particle,  and  hence  terminating 
growth  at  an  earlier  time  compared  to  growth  at  lower 
temperatures.26  Finally,  we  note  that  our  substrate  was 
silicon  with  a  native  oxide  layer.  Fe  atoms  are  known  to 
diffuse  into  the  Si  surface  during  SWNT  growth.24 
Additionally,  Fe  and  Ni  particles  are  known  to  form 
silicides  at  the  elevated  growth  temperatures,27,28 
which  could  cause  early  growth  termination.  While  it 
is  unclear  which  of  these  mechanisms  was  directly 
responsible  for  growth  termination,  a  detailed  study 
was  beyond  the  scope  of  this  paper. 

The  Ni— C  phase  diagram  (Figure  3d)  is  less  compli¬ 
cated  than  the  Fe— C  phase  diagram.  The  eutectic  point 
for  bulk  Ni— C  is  ~170  °C  higher  than  that  of  Fe— C 
(it  occurs  at  1326  °C,29  and  for  our  nanoparticles  it  is 
expected  to  be  ~1180  °C  according  to  the  G-T 
depression).  We  conclude  that  the  Ni  catalyst  used 
for  SWNT  growth  therefore  remained  in  the  solid  state 
over  the  entire  growth  temperature  range,  which 
explains  the  monotonic  decrease  of  catalyst  lifetimes 
with  increasing  temperatures  (similar  to  the  decrease 
in  lifetimes  in  region  I  of  solid  Fe,  as  seen  in  Figure  3b) 
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Figure  4.  (a)  SEM  image  and  (b)  postgrowth  Raman  spectrum  of  an  individual  SWNT  grown  under  the  laser  spot  from  a  Fe 
catalyst  particle.  A  single  peak  in  the  low-frequency  RBM  region  and  a  narrow  G  band  identify  the  individual  SWNT.  (c)  SEM 
image  and  (d)  postgrowth  Raman  spectrum  from  a  pillar  where  multiple  SWNTs  grew  from  Fe  catalyst  particles  within  the 
laser  spot.  The  presence  of  multiple  SWNT s  is  confirmed  by  the  appearance  of  several  RBMs,  as  well  as  a  broader  G  band  in  the 
Raman  spectrum. 


and  the  absence  of  any  discontinuities  (phase  tran¬ 
sitions)  in  Ni.  While  we  did  not  perform  growths  with  Ni 
at  temperatures  beyond  1 200  °C,  it  is  worth  noting  that 
the  behavior  of  the  Ni  serves  as  a  useful  reference  for 
comparison  with  Fe  and  confirms  the  impact  of  the 
peculiarities  of  their  phase  diagrams  on  SWNT  growth. 
The  decrease  of  lifetimes  with  temperature  can  be 
attributed  to  reasons  similar  to  the  ones  described 
above  for  Fe. 

We  performed  SEM  and  ex  situ  Raman  spectroscopy 
postgrowth  to  investigate  differences  between  nano¬ 
tubes  grown  from  solid  and  liquid  Fe,  and  solid  Ni. 
SEM  images  collected  from  the  Fe  catalyst  pillars 
with  growth  temperatures  below  1000  °C  (region  I, 
Figure  3a)  revealed  that  a  majority  contained  only  a 
single  SWNT  within  the  area  heated  by  the  laser,13 
while  SEM  images  from  the  pillars  corresponding  to 
higher  growth  temperatures  (region  II)  revealed  the 
presence  of  multiple  SWNTs  grown  within  the  area. 
Figure  4  panels  a  and  c  show  examples  of  SEM  images 
of  growth  experiments  from  regions  I  and  II.  The 
presence  of  an  individual  SWNT  and  multiple  SWNTs 
can  be  clearly  discerned  at  lower  (Figure  4a)  and 
higher  (Figure  4c)  growth  temperatures,  respectively. 
Further  confirmation  of  this  phenomenon  was  ob¬ 
tained  by  postgrowth  Raman  spectroscopy  measure¬ 
ments.  Figure  4  panels  b  and  d  show  postgrowth 
Raman  spectra  collected  from  the  areas  corresponding 
to  the  SEM  images  in  Figure  4  panels  a  and  c,  respectively. 
The  Raman  spectra  (laser  excitation  2.33  eV)  exhibit  peaks 
typical  of  SWNTs,  namely,  peaks  in  the  low  frequency 


radial  breathing  mode  (RBM)  region,  a  disorder  in¬ 
duced  peak  at  ~1 345  cm-1,  and  the  graphitic  G  band 
at  ~1592  citT1.30  The  appearance  of  a  single  peak  at 
143  cm-1  in  the  RBM  region  in  Figure  4b  confirms  the 
presence  of  a  single  SWNT  on  the  pillar  within  the  laser- 
irradiated  zone.  Additional  support  is  provided  by  the 
narrow  linewidths  of  the  RBM  (~4  cm-1)  and  the  G 
band  (~8  cm-1),  which  are  characteristics  of  an  in¬ 
dividual  SWNT.31,32  In  contrast,  the  Raman  spectrum 
from  the  pillar  that  has  multiple  SWNTs  (Figure  4c) 
exhibits  RBMs  at  165,  177,  and  201  cm-1,  as  well  as  a 
broader  G  band  (~14  cm-1),  confirming  the  presence 
of  multiple  SWNTs.  We  note  that  growth  of  a  single 
SWNT  under  our  synthesis  conditions  implies  low 
nucleation  efficiencies,  the  reasons  for  which  are  un¬ 
clear  at  present.  One  possible  reason  could  be  the 
larger  initial  catalyst  film  thicknesses  employed,  which 
could  significantly  reduce  the  number  of  catalyst  particles 
that  are  small  enough  to  nucleate  SWNTs.  Neverthe¬ 
less,  it  is  important  to  stress  that  the  low  nucleation 
efficiencies  enabled  us  to  measure  the  growth  kinetics 
of  individual  SWNTs,  thereby  giving  us  unique  insights 
compared  to  the  large  numbers  of  nanotubes  grown  in 
forests. 

We  represent  the  occurrences  of  growth  of  single 
SWNTs  with  circles  and  multiple  growths  of  SWNTs 
with  triangles  in  Figure  3a.  Interestingly,  postgrowth 
SEM  and  Raman  spectroscopy  analysis  on  the  Ni 
catalyst  pillars  showed  only  individual  SWNTs  on  all 
the  pillars  (Supporting  Information,  Figure  S4).  The 
observation  of  single  and  multiple  SWNTs  in  regions  I 


RAO  ETAL. 


VOL.  XXX  ■  NO.  XX  ■  000-000  ■  XXXX  ^JANO 

www.acsnano.org 


E 


ARTICLE 


SWNT  Lengths  (nm) 

Figure  5.  Histograms  of  lengths  corresponding  to  individual 
SWNTs  (bottom  panel)  grown  at  temperatures  <  1100  °C 
(region  I,  Figure  3b)  and  multiple  SWNTs  (top  panel)  grown 
at  temperatures  >  1 100  °C  (region  II,  Figure  3b). 

and  II  correlates  very  well  with  the  phase  transitions  of 
the  catalyst  in  regions  I  and  II,  implying  that  the  solid 
catalyst  produced  single  SWNTs  for  both  Fe  and  Ni, 
while  the  nucleation  density  was  higher  with  the  liquid 
Fe  catalyst,  producing  multiple  SWNTs.  Indeed,  liquid 
Fe  has  a  higher  solubility  for  carbon,  and  hence  prob¬ 
ably  a  higher  activity  for  SWNT  growth.  Furthermore, 
the  diffusion  of  carbon  through  liquid  Fe  is  faster  than 
diffusion  through  solid  y-Fe  (by  2  orders  of  magnitude),33-34 
thus  the  SWNTs  grown  from  liquid  Fe  are  expected  to 
be  longer.6  SEM  analysis  revealed  that  the  SWNTs  in 
region  II  were  generally  longer  than  the  SWNTs  from 
region  I  (see  histograms  in  Figure  5).  We  note  that  a 
detailed  analysis  of  diffusion  and  reduction  rates  in 
solid  and  liquid  Fe  catalyst  particles  and  their  conse¬ 
quences  toward  nanotube  growth  would  provide  vital 
clues  to  prove  the  occurrence  of  a  phase  transition; 
such  studies  are  currently  in  progress  and  will  be 
reported  in  the  future.  We  also  note  that  the  in  situ 
growth  curves  measured  from  experiments  that  pro¬ 
duced  single  and  multiple  SWNTs  were  fitted  to  a 
single  exponential  curve.  In  other  words,  in  the  experi¬ 
ments  that  produced  multiple  SWNTs,  the  lifetime 


and  initial  growth  rates  are  from  the  ensemble  (see 
Supporting  Information,  Figure  S5  and  related  discussion). 

Finally,  we  point  out  another  important  difference 
between  Fe  and  Ni — SWNT  growth  from  Fe  has  longer 
lifetimes  compared  to  that  of  Ni.  Lifetimes  up  to  2000  s 
were  observed  in  SWNTs  growing  from  Fe,  which  is  a 
factor  of  6  higher  than  the  longest  lifetime  observed  for  Ni. 
The  diffusion  of  carbon  in  solid  y-Fe  and  solid  Ni  are 
of  the  same  order  of  magnitude;34-35  however,  the  solu¬ 
bilities  of  carbon  in  Fe  and  Ni  are  different.  Although  the 
carbon  solubility  has  been  predicted  to  reduce  (Fe— C)36 
or  increase  (Ni— C)37  via  differing  mechanisms  due  to  the 
size  reduction  of  nanoparticles,  the  values  for  the  bulk 
systems  can  be  used  as  a  reasonable  starting  point. 
According  to  the  bulk  Fe— C  and  Ni— C  phase  diagrams,29 
the  solvus  of  y-Fe  is  ~4  times  higher  than  that  of  Ni, 
making  Fe  more  efficient  at  growing  SWNTs,  and  could 
explain  the  longer  lifetimes  observed  in  Fe. 

CONCLUSIONS 

We  used  in  situ  Raman  spectroscopy  to  measure  the 
lifetimes  of  Fe  and  Ni  catalysts  over  a  wide  range  of 
growth  temperatures.  With  our  custom  rapid  experi¬ 
mentation  (ARES)  system,  we  carried  out  over  100 
experiments,  enabling  us  to  glean  important  insights 
into  the  growth  process  that  would  have  otherwise 
been  missed.  Our  results  revealed  a  discontinuity  in  the 
Fe  catalyst  lifetimes  around  1100  °C  due  to  a  solid- 
to-liquid  phase  transition.  In  contrast,  the  monotonic 
behavior  of  the  Ni  lifetimes  meant  that  Ni  was  in  the 
solid  state  through  the  whole  range  of  growth  tem¬ 
peratures.  The  behavior  of  the  Fe  catalyst  was  ex¬ 
plained  by  comparison  with  the  binary  metal— carbon 
phase  diagrams,  as  well  as  experimental  evidence,  which 
showed  dramatic  increases  in  the  nucleation  densities 
and  longer  lifetimes  when  crossing  the  phase  boundary 
from  solid  to  the  liquid  state.  Our  results  prove  that  SWNT 
growth  is  feasible  from  both  solid  and  liquid  catalyst 
depending  on  the  growth  temperature,  resolving  a  long¬ 
standing  debate  in  the  field.  As  a  direct  consequence,  the 
length  and  nucleation  density  of  the  SWNTs  can  be 
tailored  for  specific  applications  by  engineering  the 
correct  catalyst  and  growth  temperature. 


METHODS 

Growth  of  the  SWNTs  took  place  via  laser-induced  CVD  inside 
a  high  vacuum  chamber  coupled  to  a  Raman  microscope,  as 
shown  schematically  in  Figure  1.  The  samples  consisted  of 
silicon  pillars,  10  /im  in  diameter,  spaced  40  /<m  apart,  formed 
by  deep  reactive  ion  etching  of  a  10  /rm  top  layer  of  a  silicon- 
on-insulator  substrate.  The  small  thermal  mass  of  the  pillar 
allowed  for  efficient  heating  to  the  growth  temperature  (from 
500  to  1400  °C)  using  a  few  hundred  milliwatts  of  laser  power. 
The  oxide  barrier  layer  below  the  pillars  enhanced  heating  by 
restricting  conductive  heat  transfer  between  the  pillar  and  the 
underlying  bulk  silicon  substrate.  Thin  films  (2-3  nm)  of  Fe 
and  Ni,  sputtered  on  the  substrates  were  used  as  catalysts  for 


nanotube  growth.  Prior  to  each  growth  experiment,  the  cham¬ 
ber  was  pumped  down  to  a  base  pressure  of  ~9  x  10~6  Torr, 
followed  by  backfilling  argon  to  the  growth  pressure  of  25  Torr. 
At  this  time  a  constant  flow  of  argon  and  hydrogen  was  initiated 
at  25  and  1 0  seem,  respectively,  while  the  chamber  pressure  was 
maintained  at  25  Torr.  The  Raman  excitation  laser  was  focused 
on  each  pillar  through  a  long  working  distance  40x  objective 
lens  and  heating  was  achieved  by  increasing  the  laser  power. 
The  temperature  of  the  silicon  pillars  was  estimated  using  the 
ratio  of  the  anti-Stokes  to  Stokes  peaks  in  the  Raman  spectra 
from  the  pillars.38  Once  the  laser  was  focused  on  a  pillar,  the 
power  was  increased  to  heat  it  up  to  the  growth  temperature, 
followed  by  the  introduction  of  5  seem  of  ethylene  to  initiate 
nanotube  growth.  Raman  spectra  between  -2000  and  3000  cm-1 
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were  collected  and  saved  at  one-second  intervals  during  the 
growth  experiment.  Nanotube  nucleation  and  growth  was 
detected  by  the  appearance,  and  subsequent  increase  in 
intensity,  of  the  G  band  at  1500-1600  cm-1.  The  ethylene  flow 
was  turned  off  after  the  G  band  intensity  stabilized  following  the 
initial  increase,  thus  indicating  termination  of  growth. 
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